Aims: To evaluate the differences in linear and complex heart rate dynamics in twin pairs according to fetal sex combination [male-female (MF), male-male (MM), and female-female (FF)]. Methods: Fourteen twin pairs (6 MF, 3 MM, and 5 FF) were monitored between 31 and 36.4 weeks of gestation. Twenty-six fetal heart rate (FHR) recordings of both twins were simultaneously acquired and analyzed with a system for computerized analysis of cardiotocograms. Linear and nonlinear FHR indices were calculated. Results: Overall, MM twins presented higher intrapair average in linear indices than the other pairs, whereas FF twins showed higher sympathetic-vagal balance. MF twins exhibited higher intrapair average in entropy indices and MM twins presented lower entropy values than FF twins considering the (automatically selected) threshold r Lu . MM twin pairs showed higher intrapair differences in linear heart rate indices than MF and FF twins, whereas FF twins exhibited lower intrapair differences in entropy indices.
Introduction
Consistent sex differences in health, behavior, and developmental outcomes after birth have been reported, but studies carried out during fetal life have yielded conflicting results. Previous studies on fetal heart rate (FHR) characteristics have reported sex-specific differences [2-4, 7, 9, 12] , as well as no significant differences [5, 6, 8, 14, 17, 20] , even when the same methodologies were used. In adults, women reveal a preponderance of vagal over sympathetic responsiveness in heart rate variability under basal conditions, especially before the age of 50 [13, 18, 22, 25] . One possible explanation for sex differences in the autonomic nervous system is the effect of sex-specific hormones [13] .
Studies in twins provide a unique setting to examine sex-related differences in FHR patterns. A variation in the intra uterine hormonal environment has been consistently found in litter-bearing mammals according to the sex of the adjacent fetuses [23] , and a small number of studies in human twins also support the existence of sex hormone transfer between fetuses [16, 24] , even though hormonal effects appear to be less strong [23] . To date, few studies have evaluated the sex differences in FHR in human twins [26] .
The aim of this study was to evaluate the differences in linear and complex heart rate dynamics in twin pairs according to fetal sex combination: male-male (MM), male-female (MF), and female-female (FF).
Methods
The study protocol was approved by the local Ethics Committee and written informed consent was obtained from pregnant women prior to study enrollment. The study sample comprised 14 twin pairs (6 MF, 3 MM, and 5 FF) from which 26 FHR recordings were simultaneously acquired in the antepartum period between 31 and 36.4 weeks of gestation. The average tracing length was 52.6 min (standard deviation, SD = 45.2) and the average ± SD signal loss was 11.6% ± 9.5%. Between one and three tracings of each twin pair were available for analysis such that, in total, 13 tracings were from MF, 5 from MM, and 8 from FF. Three sets of twins were monochorionic (MC) (one monoamiotic and two diamniotic) and eleven were dichorionic (DC). Chorionicity was determined during routine ultrasound scan at 11-13 weeks of gestation [19] and confirmed by placental histology after birth. Pregnant women had an average of 29.4 years (SD = 4.1, range 24-39 years) and 42.9% had pregnancy complications such as preeclampsia, gestational diabetes, and premature rupture of membranes. Mean gestational age at delivery was 37.0 weeks (SD = 1.7, range 32.1-38.7) and 43.1% delivered before 37 weeks of gestation. Mean newborn birth weight was 2478.8 ± 442.7 g (range 1395-3290 g) and 42.0% had birth weight below 2500 g. All newborns had normal 5-min Apgar scores, and only two second twins had a 1-min Apgar score below 7. Admission to a neonatal intensive care unit occurred in 22%.
The FHR monitoring of both twins was performed using the Philips Medical 50A fetal monitor (Philips Medical, Eindhoven, The Netherlands) connected by cable to the Omniview-SisPorto ® 3.5 system (Speculum, Lisbon, Portugal) for computer analysis of cardiotocograms [1] . A preprocessing algorithm was applied to reduce noise and artifacts as described elsewhere [11] . Additionally, persistent segments of signal loss in the initial period of the tracings were visually identified and excluded.
Linear and nonlinear FHR analysis were performed in the initial four 5-min segments of each tracing, after the exclusion of initial periods with signal loss. Time-domain linear analysis included mean FHR (mFHR), standard deviation of FHR (sdFHR), long-term irregularity (LTI), Delta FHR (Δ), short-term variation (STV), and interval index (II). Frequency domain (spectral) linear analysis included very low frequency (VLF), low frequency (LF), movement frequency (MF), and high frequency (HF). LF and HF are mainly associated with the influence of the sympathetic and parasympathetic branches of the autonomic nervous system, respectively, on heart rate variability (HRV). MF reflects fetal movements, as well as maternal breathing. LF/HF and LF/ (MF+HF) reflect sympathetic-vagal balance, and was also considered.
For nonlinear analysis, approximate entropy (ApEn) and sample entropy (SampEn) indices were computed, considering the embedding dimension (m) equal to 2 and the values 0.1 SD, 0.15 SD, 0.2 SD, and r Lu [15] for the threshold parameter (r). These indices measure the complexity and irregularity of time series and have been linked to complex cortical nervous system activity [21] . Short-and long-term variation were also assessed by the SD1 and SD2 indices, respectively, extracted from the Poincaré plot analysis, as well as the SD1/SD2 ratio.
Linear and nonlinear indices were calculated as described elsewhere [10, 11] . Intrapair average [(A+B)/2] and absolute differences (|A-B|) for each calculated FHR index, between MF, MM and FF twins, were evaluated using 95% bootstrap (B = 1000) percentile confidence intervals (CIs) (95% CI) for the median, and nonparametric Mann-Whitney and Kruskal-Wallis statistical tests, setting significance at P < 0.05. Data were analyzed with IBM SPSS 19 Windows version (PASW Statistics for Windows, SPSS Inc., Chicago, IL, USA).
Results
Male-male twins presented a significantly higher intrapair average of time-domain linear FHR indices than the others, as well as for the spectral indices VLF, LF, MF, and HF. A significantly lower sympathetic-vagal balance of MM twins was also observed through LF/(MF+HF). The intrapair average of entropy indices with the threshold values 0.1, 0.15, and 0.2 was consistently found to be decreasing from MF, MM and FF twins, but significance was only found between MF and FF, whereas MMs presented significantly lower entropy values considering the threshold r Lu . Short-and long-term variations as measured by indices SD1 and SD2, respectively, were significantly higher for MM twins, and the ratio SD1/SD2 decreased significantly with declining numbers of male fetuses.
Intrapair absolute differences of sdFHR, Δ, and STV indices were significantly higher between MM twins than between the others. Moreover, these differences were more pronounced as the number of male fetuses in the pair increased. Similar results were achieved with spectral indices VLF, LF, MF and HF, as well as for SD1 and SD2 variation indices of the Poincaré plot. The intrapair absolute differences of ApEn and SampEn were significantly lower between FF twins than between MF or MM twins. The intrapair average and absolute difference for each FHR index are presented in Table 1 . The evolution of FHR indices STV, LF/(MF+HF), and SampEn(2, r Lu ), as a function of the gestational age, is shown in Figure 1 .
The three MC FF pregnancies were compared with two DC FF twins. In general, both intrapair averages and absolute differences were similar, with the exception of a significantly (P = 0.013) lower II average and lower (P = 0.041) absolute difference of LF/HF in MC pregnancies.
Discussion
The FHR indices were significantly influenced by sex combination in twins, both in intrapair average and absolute differences. Previous research in singleton pregnancies already indicated that fetal sex significantly influences FHR indices [2, 3] .
In general, MM twins presented higher linear indices than FF pairs, a finding in accordance with the previous results, and this may be related with a higher predominance of behavioral FHR pattern B (active sleep) in male fetuses [2] . The MM twins also presented higher short-and long-term variability than others. These findings are in line with the results of singleton studies showing a more active autonomous nervous system [2] and a higher FHR variability in male fetuses [7] . A lower sympathetic-vagal balance was observed in MM twins than in FF. Although MM twins consistently presented a higher intrapair ApEn ( average of spectral indices, FF twins showed a marked decrease in parasympathetic activity (measured by the HF component), thus leading to an increase in the sympathetic-vagal balance. The latter was accomplished by higher intrapair absolute differences in MM twins. Similar results were obtained for the indices total power and SD1/ SD2. Although a similar trend was previously found in the singleton fetuses [2] , these findings contrast with those reported in the majority of studies in adults [13, 18, 22] . Consistent with findings from singletons [2] , FF pairs exhibited more complex FHR activity than MM twins as measured by ApEn Lu and SampEn Lu suggesting a more active complexity control system. However, no differences were found between FF and MM twin pairs in the other entropy indices. This inconsistency may indicate that signal complexity is not being captured when the recommended values for tolerance threshold (0.1-0.2 SD of the data) are applied. Nevertheless, MF pairs showed a consistently higher complexity of FHR data as measured by all entropy indices. The reasons for this result are not clear. Future studies comparing heart rate dynamics between males and females from same and opposite-sex twin pairs are, therefore, recommended.
The largest intrapair absolute differences were observed in MM twins for most linear indices, as well as in the short-(SD1) and long-term (SD2) variability measured by the Poincaré plot. This suggests a lower synchronization in the activity of MM twins. The mFHR index was an exception, where MF pairs presented the largest intrapair differences, probably reflecting a consistently higher mFHR in MMs and lower mFHR in FFs. MFs tended to be closer to FFs than to MMs in linear indices, while the opposite occurred for nonlinear indices. These findings are somewhat unexpected and suggest that factors other than sex may contribute to HRV. If fetal sex was to be a major factor to HRV, then MF would have the largest intrapair differences, and no difference would be found between the same-sex twin pairs. Several factors could explain the differential effect of sex combination on linear and nonlinear indices, such as fetal hormone transfer, fetal presentation, and intertwins contacts. We speculate that the largest intrapair differences in MM pairs may be due to higher male reactivity associated with their increased autonomic activity, as well as to intrapair differences in presentation, as most MM had cephalic/breech presentation and breech presentations may had been more exposed to the noise produced by the maternal heart rate and gastric movements (Bernardes et al., unpublished observations). The smallest intrapair differences in FFs are probably related to the inclusion of more MC twins in this group. Chorionicity has been shown to influence FHR patterns with MC twins showing more similarities in FHR patterns than DC twins [26] .
The automated analysis of cardiotocograms is a major strength of this study given its objectivity, reproducibility, and predictive validity. Conversely, the visual interpretation of the tracings has high inter-and intraobserver variability. Nevertheless, several limitations to this study need to be acknowledged, namely the small sample size and the inability to control for other possible confounders.
The results of this exploratory study suggest that fetal sex needs to be taken into consideration when performing a detailed evaluation of HRV in twins, as significant differences in heart rate dynamics may be found according to sex combination. Further research is needed to evaluate the influence of gestational age, type of presentation, and fetal behavior state on FHR indices, in line with the previous research in singletons. This may help to further clarify the complex relations that exist between twins and improve perinatal care in twin pregnancies.
